L eprosy (Hansen's disease) is a chronic infectious disease caused by Mycobacterium leprae. 1, 2 Though often considered a disease of antiquity, it is found most commonly today in tropical and semitropical regions, and a total of 249,007 new cases were reported globally in 2008. 3 Genomic polymorphisms have allowed us to trace the historical spread of leprosy around the world, as human populations migrated. 4 The disease was not present in the New World before Columbus discovered the American continents but rather appears to have been introduced here from Europe and Africa during colonization. Early case reports suggest that leprosy was already well established among settlers in the vicinity of New Orleans by the 1750s, 5 and autochthonous transmission of the infection continues in the region today.
Leprosy is rare in the United States, with only about 150 new cases reported each year. The majority of these affected people lived or worked abroad in leprosy-endemic areas and may have acquired their disease there. However, about a third of all patients in the United States report no foreign residence and appear to have acquired their disease from local sources -although most are unable to recall any known contact with a person who had leprosy. These cases arise most frequently in Texas and Louisiana, 6 but the range of endemic involvement appears to be expanding to other states. 7, 8 M. leprae is an obligate intracellular pathogen that cannot be cultivated on artificial laboratory mediums. The only animal in which leprosy is reliably recapitulated is the nine-banded armadillo (Dasypus novemcinctus). 1 Its unique susceptibility to experimental infection with M. leprae was first demonstrated in the 1970s, and armadillos have been the primary animal model for leprosy since. 9 However, M. leprae infection also occurs naturally among some free-ranging armadillos. 10 The origins of M. leprae infection among armadillos, the geographic range of the infected animals, and the potential risks infected armadillos present to people have been topics of concern. The infection originated among armadillos decades before they were ever used in leprosy research, 11 and numerous surveys have confirmed that armadillos in the southern United States are a large natural reservoir for M. leprae; its prevalence exceeds 20% in some locales. 10, 12 Infected armadillos have been reported in Alabama, Arkansas, Louisiana, Mississippi, Texas (Fig. 1) , and Mexico. [13] [14] [15] Several case reports have suggested that armadillos may be a source of M. leprae for some U.S. patients, 7, 8, 16, 17 and contact with armadillos has been shown to be a significant risk factor for leprosy in three U.S. case-control studies. [18] [19] [20] [21] Here, we describe our use of whole-genome sequencing, single-nucleotide polymorphism (SNP) typing, and variable-number tandem-repeat (VNTR) analysis to compare M. leprae obtained from wild armadillos and patients in the United States with leprosy and to understand better the role of armadillos in perpetuating leprosy in this country.
Me thods

Study Design
We performed an ecologic cohort study to determine the type and frequency of M. leprae strains in U.S. patients, assess the degree to which they are genetically similar to strains from wild armadillos, and compare the geographic locations of the patients and armadillos. Statistical analysis was performed with the use of SAS software (version 9.2). The studies of the patients did not require board approval (on the basis of exemption category 4) and the requirement of written informed consent was waived by the institutional review board of Louisiana State University (Baton Rouge).
M. leprae Strains and DNA
Details of the M. leprae strains obtained from 50 patients with leprosy and 33 wild armadillos in the United States are given in Table S1 in the Supplementary Appendix (available with the full text of this article at NEJM.org). DNA from four genome-sequenced reference strains described previously 22 and two foreign reference standards (LWM26 Philippines and 43926 Brazil) were also included.
Armadillo DNA
Armadillos were captured from the wild in five southern U.S. states (Fig. 1, and Table S1 in the Supplementary Appendix). DNA was isolated from 1-g specimens of liver, spleen, or lymph-node tissue by means of homogenization and was extracted with the use of a DNeasy kit (Qiagen).
Skin Biopsy in Patients
Skin-biopsy specimens are regularly obtained from patients who attend the National Hansen's Disease Program outpatient clinic (Baton Rouge, LA) or are referred there for diagnosis. The specimens are stored in optimum-cutting-temperature compound (VWR) and frozen. We used frozen specimens from unrelated patients with multibacillary leprosy who presented between 1993 and 2007. Each sample was thawed, washed with phosphatebuffered saline, and processed by means of a DNeasy kit. Skin-biopsy specimens from 64 Venezuelan patients with leprosy living in 12 provinces were collected between 2007 and 2009, preserved in 70% ethanol, and processed for use in this study as described previously. 4 
Genome Resequencing and Analysis
Genome sequences of the human reference strains of M. leprae NHDP-98 (from a Mexican-born patient residing in Texas) and NHDP-55 (from another patient residing in Texas) (see Table S1 in the Supplementary Appendix) and the wild-armadillo-derived strain I-30 were obtained from DNA-fragment libraries, sequenced (36-Cycle Sequencing Kit v.1), and analyzed (Genome Analyzer II [Illumina]), as described previously. 22 Sequence reads were mapped onto the consensus genome sequence of the M. leprae reference strain TN with the use of mapping quality scores. 23 All sequence variations were confirmed by another means (BigDye Terminator v.3.1 cycle sequencing on an ABI3130XL DNA sequencer [Applied Biosystems]).
Sequence and Phylogenetic Analyses
Details of the primers used for genotyping are given in Table S2 in the Supplementary Appendix, and the genotyping scheme is shown in Figure 2 . Polymerase-chain-reaction (PCR) assays were performed as described previously, 22 and amplicons were treated with exonuclease I and shrimp alkaline phosphatase (USB) before sequencing (BigDye Terminator). Sequence data were compared as described previously, 24,25 and minimum-spanningtree analysis based on SNPs and VNTRs was performed (BioNumerics software, version 6.1 [Applied Maths]).
VNTR Typing
The primers used for VNTR typing at 10 loci 26 are given in Table S3 of widely different geographic origins, and identified all four U.S.-derived genomes as SNP type 3I.
On detailed comparison of these seven genome sequences, 52 markers were found only in the SNP type 3I strains. These 3I strains differed among themselves at 21 positions (Table 1, and Table S4 in the Supplementary Appendix). One 11-bp indel (indel_17915) was particularly important, since the 3I strains have only one copy of the sequence (TTGGTGGTGTA, in pseudogene ML0014), whereas all other M. leprae strains have two copies.
Genotyping of M. leprae Strains
SNP Analysis and Classification
We classified M. leprae obtained from 33 wild armadillos, 50 biopsy specimens from U.S. patients, and 4 foreign reference strains, using the algorithm shown in Figure 2 . Armadillos were sampled in the five states known to harbor the sylvan infection (Fig. 1). 14 Among the 50 U.S. patients examined (see Table S1 in the Supplementary Appendix), 39 reported a residence history in areas of the United States or Mexico where endemic exposure to armadillo-borne M. leprae was possible, and 29 of these 39 had no history of foreign residence.
SNP analysis revealed seven types of M. leprae strains in the United States, including four found in patients with no history of foreign residence (Fig. 3) . Some exotic strains may have become endemic over time among patients with no history of foreign residence or may now occur in the United States as a result of unreported exposure (e.g., SNP type 1A, which is more commonly associated with the Philippines, in Patient H-02). 22 Among patients with possible exposure by means of foreign residence only, the SNP type was typical for strains previously reported from the foreign location. SNP type 3I, generally associated with European-American populations, was most abundant in our samples, found in those from all 33 armadillos and 26 of the 29 patients with no history of foreign residence.
To improve the resolution of our data for M. leprae 3I strains, we also surveyed for 30 of the 52 newly discovered markers. In addition to the 11-bp indel, 24 of 30 markers were restricted to SNPs of type 3I, irrespective of the source of the strain. However, in four 3I strains identified in patients, five SNPs contained ancestral bases and may represent intermediate sequences arising during the evolutionary divergence of 3I strains from their common ancestor. The strains with ancestral bases were classified as having SNPs of the subtype 3I-1 to differentiate them from the more divergent strains classified as 3I-2 strains found in all armadillos and most indigenous U.S. patients (Fig. 3, and Table S5 in the Supplementary Appendix).
To gain more insight into the distribution of 3I-1 strains in the Americas, we examined biopsy specimens from 64 Venezuelan patients infected with M. leprae strains containing SNP type 3I. Of the 64 specimens, 48 (75%) belong to the strain subtype 3I-1 and 16 (25%) belong to strain subtype 3I-2. In addition, we found 3I-1 subtypes in patients from Brazil, Puerto Rico, and the Dominican Republic. Therefore, the prevalence of 3I-1 and 3I-2 strains in North America is significantly different (P<0.001) from their prevalence in the Caribbean and South America (see Table S6 in the Supplementary Appendix).
VNTR and Minimum-Spanning-Tree Analyses
Owing to the remarkable conservation of the M. leprae genome, SNP analysis is of limited power. Accordingly, we used 10 polymorphic VNTR markers to enhance discrimination (see Table S4 in the Supplementary Appendix) of strain subtypes. 26 Minimum-spanning-tree analysis of the combined SNP and VNTR profiles was performed to examine relationships among strains (Fig. 3) . The resulting SNP-VNTR genotypes (see Table S1 in the Supplementary Appendix) confirm a high degree of homogeneity between M. leprae from ar- madillos and most indigenous U.S. cases of leprosy (Fig. 3) . Among wild armadillos, 28 of the 33 strains showed complete genetic identity with respect to the SNP-VNTR genotype (3I-2-v1); the remaining 5 strains comprised two genotypes, 3I-2-v14 (2 specimens) and 3I-2-v13 (3 specimens) that varied at one VNTR locus (see Table S5 in the Supplementary Appendix). Similarly, 25 of the 39 patients (64%) with a history of residence in areas in which exposure to M. leprae from armadillos was possible -including 22 of the 29 patients with no history of foreign residence -also carried the 3I-2-v1 strain. The 3I-2-v1 genotype appears to be unique and highly distinctive. This combination of VNTR alleles was not found within a database of VNTR genotypes identified around the world, 28 and allele frequencies in that database suggest a probability of random reassortment of the VNTR v1 genotype of only 1 in 10,000. 28 In our study, 3I-2-v1 was the only genotype found in more than two patients. The combination of SNP and VNTR genotyping is highly discriminatory and confirms a significant association between the M. leprae strain infecting armadillos and many U.S. patients. The 3I-2-v1 strain was significantly associated with a history of residence in areas where M. leprae-infected armadillos have been found (P<0.001). People with leprosy who live in areas with infected armadillos and who have no history of foreign residence have a significantly increased risk of presenting with infection with the 3I-2-v1 strain, as compared with any other strain (odds ratio, 16.5; 95% confidence interval [CI], 4.2 to 64.7; P<0.001) (see Table S6 in the Supplementary Appendix).
A history regarding contact with armadillos was available for 15 patients. Although 7 recalled no contact, 8 recalled having contact, including 1 who reported frequently hunting, cooking, and eating armadillos. Nine of the 15 patients were infected with the 3I-2-v1 strain. These data confirm interaction with armadillos by some of our patients, and suggest an increased likelihood of infection with the 3I-2-v1 strain as a result (odds ratio vs. having no contact, 4.0; 95% CI, 0.5 to 35.8; P = 0.314).
Discussion
Combining the high discriminatory power of VNTR analysis 26 with the robust common-roots approach of SNP typing 22, 30 has proved effective in molecular epidemiologic studies of tuberculosis, 31 and was used in our study of leprosy to similar benefit. We show that a high percentage of unrelated leprosy cases in the southern United States involve infection with the same unique strain of M. leprae that occurs naturally among Minimum-spanning-tree analysis was performed with the use of combined VNTR and SNP data from human and armadillo M. leprae strains. Each circle represents a genotype (human unless marked as armadillo) based on the combined data, with the circle size directly proportional to the number of strains with the corresponding genotype. Numbers along the links between circles indicate the number of loci that differ between the genotypes on either side of the link. Three fully sequenced reference M. leprae strains (TN, Thai53, and Br4923 22,29 ) are labeled, as are two other reference strains (LWM26 and 43926) of foreign origin. Samples from patients with a history of foreign residence are indicated with an asterisk (with three asterisks indicating three patients). The 114 polymorphisms investigated include 84 SNPs described previously 22 and 30 identified during our study; 10 VNTRs were also analyzed. The large circle illustrates the predominance of the 3I-2-v1 M. leprae genotype in our study, with 25 patients and 28 armadillos having this identical genotype.
wild armadillos in the region. These armadillos are a large natural reservoir for M. leprae. 13, 14 The genome sequences of the predominant armadillo and human strains in this region are essentially identical, and M. leprae of this genotype has not been reported previously elsewhere in the world. 28 Though it is difficult to establish specific causality, when these data are taken together, they strongly implicate armadillos as a source of infection. Therefore, leprosy appears to be a zoonosis in the southern United States.
Autochthonous leprosy is exceptionally rare in the United States, but exposure to armadillos in southern states is quite common. Three casecontrol studies have shown contact with armadillos to be a significant risk factor for leprosy in the United States, 18, 19, 21 and our work shows that a single predominant strain is involved in most human and armadillo infections. Transmission of leprosy can be by direct or indirect means involving fomites but is thought to occur most frequently through long-term direct contact with an infected host. 1 M. leprae is an obligate intracellular pathogen with limited capacity for survival in the environment. 29 Frequent direct contact with armadillos and cooking and consumption of armadillo meat should be discouraged.
Armadillos must have acquired M. leprae from humans sometime after colonization of the New World, but the lack of diversity of strain types infecting the animals suggests that interspecies transfer of M. leprae is uncommon and inefficient. However, inter-armadillo transfer appears to be highly efficient, since the 3I-2-v1 strain is now found across five states. The near-uniformity of M. leprae strains recovered from armadillos in this area is consistent with recent acquisition or rapid emergence of the infection as armadillos expanded their range into the United States and high population densities developed. 32 High prevalence rates among armadillos have been observed in parts of the southern United States only; armadillos in the eastern United States are not known to be infected with M. leprae. The eastern population originated from a separate introduction of armadillos into Florida, which expanded and has only relatively recently merged with the main U.S. population. 13, 14 Monitoring the eastern United States for possible spread of M. leprae will be informative.
Armadillos are found in the western hemisphere only. Their potential effect on leprosy control in the Americas depends on the rate at which the infection can spread to contiguous armadillo populations and its likelihood to emerge among other high-density armadillo populations. Biomarkers of M. leprae have been reported in armadillos in Argentina, Brazil, and Colombia, 18, 19, 21 and contact with armadillos has been reported to be a risk factor for leprosy in Brazil. 33 Application of advanced genotyping techniques in such areas may help elucidate leprosy transmission in other human populations and increase our understanding of the specific risk factors perpetuating this infection globally.
Susceptibility to leprosy is modulated by a number of complex genetic traits, 34 and the majority of people appear to be naturally immune to M. leprae infection. There are currently no recognized pathological variant M. leprae strains, and the outcome of infection is influenced primarily by the individual host response. Early diagnosis and prompt drug therapy remain the most effective means to avoid the undesirable complications of leprosy. 1 Physicians caring for patients with potential exposure to M. leprae by means of armadillos should consider leprosy in their differential diagnosis of chronic cutaneous lesions, especially those not responsive to common treatments.
Leprosy remains one of the most socially stigmatizing diseases; diagnosis can evoke profound anxiety in the patient, especially when there is no identifiable index case and the source of infection is unknown. Armadillos are the only known nonhuman reservoir of M. leprae. Recognition of this zoonotic link may provide relief to some patients by identifying a biologically plausible source of their disease.
